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Abstract
The sound insulation between adjacent rooms in buildings is not only determined by direct airborne sound
transmission through the common wall, but also by structure–borne ﬂanking transmission. To quantify the
ﬂanking transmission, the determination of the vibrational energy transmission at a junction between plates
is crucial. In this paper, statistical models are developed for the prediction of ﬂanking transmission across
rigid junctions composed of single and double walls. The coupling loss factors are determined from wave
theory for semi–inﬁnite plates under the assumption of diﬀuse vibration ﬁelds. In–plane wave transmission
must be accounted for in the case of wave transmission across double wall junctions. In general, the vibration
transmission across double walls shows similar trends as the vibration transmission across single walls. An
initial assessment of ﬂanking transmission across a double wall junction can therefore be made by use of an
equivalent single wall junction model. The developed models can also be used to investigate structure-borne
ﬂanking transmission across two adjacent single wall junctions. It is shown that indirect coupling between
non–adjacent plates is important and should be accounted for in statistical models.
Keywords: sound insulation, ﬂanking, double walls, statistical energy analysis
1. Introduction
The prediction of the sound insulation between rooms is a complex problem, as not only direct transmis-
sion, but also structure-borne ﬂanking transmission plays a role. The International Standards ISO 15712-1/2
[1] and European Standards EN 12354-1/2 [2] use a simpliﬁed approach based on Statistical Energy Analysis
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Figure 1: Geometry for (a) a single wall T–junction, (b) a double wall T–junction, (c) a single wall X–junction, and (d) a
double wall X–junction.
(SEA) to model ﬂanking transmission. An important input quantity for the models is the vibration reduction
index Kij , which describes the transmission of bending wave vibration across a junction of plates. For single
plate junctions like shown in ﬁgures 1a and 1c, empirical models based on measurements [3] and simulations
[4] are available. Currently, such models do not exist for junctions with double walls like shown in ﬁgures 1b
and 1d. Nevertheless, heavyweight cavity walls are commonly used as party wall between row houses and in
apartment buildings in Belgium [5]. The concept of double leaf walls is also essential to provide the necessary
sound insulation with lightweight constructions. Timber framed constructions are widely used for houses
and there is an increased interest for timber framed apartment houses in view of sustainability concerns. For
complex plate junctions with double leaf walls, one mainly has to rely on measured Kij-data. Schoenwald et
al. [6, 7] experimentally analyzed the vibration transmission across lightweight double leaf walls and solid
wood double walls with continuous ﬂoors. Alternatively, one may use data for single wall junctions as a
ﬁrst estimate for a double wall junction. A double wall T–junction (ﬁgure 1b) is often approximated by a
single wall X–junction (ﬁgure 1c). In [7], the measured data for a X–junction of double solid timber walls
were compared with measurements of a single wall X–junction, showing that the diﬀerences are limited. It
was noted however that such estimates should be handled with care, as little is known about the general
validity and accuracy of these single wall approximations. In this paper, the vibration transmission across
double wall junctions is therefore analyzed in detail by means of analytical and statistical models based on
the wave approach.
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The wave approach has been widely used to predict the structure–borne sound transmission between
semi–inﬁnite plates. The angular averaged transmission coeﬃcients obtained from these calculations can be
used in SEA models [8]. The most comprehensive overview on structure–borne sound is given by Cremer et
al. [9]. The original calculation models [10, 11] for rigid, right–angled junctions have gradually been extended
to more complicated junctions [12], including diﬀerent wave types [13, 14] and thick plate eﬀects [15]. Mees
and Vermeir [16] extended the wave approach to single wall junctions with elastic interlayers. Furthermore,
a hinge connection was introduced to model incomplete contact between plates which results in a negligible
transfer of bending moments. Bosmans et al. [17, 18] investigated structure–borne sound transmission
across junctions of orthotropic plates [17] and junctions with point connections [18]. More recently, Hopkins
[4] used classic wave theory for vibration transmission across rigid junctions in heavyweight buildings built
from solid masonry or concrete walls and ﬂoors. He showed that the contribution of in–plane waves can be
important at mid and high frequencies.
Most contributions in literature deal with single wall junctions. In this paper, it is the aim to apply the
wave approach to double wall junctions as commonly encountered in buildings in Belgium. The junctions of
ﬁgures 1b and 1d are modeled by two line junctions which are coupled to each other by a plate with length
equal to the cavity width of the double wall. Similar semi–inﬁnite plate models with strip plates, i.e. ﬁnite
width plates that meet at more than one line junction, have been used to describe structural transmission
by line connections in double walls [19, 20]. Bhattacharya et al. [19] investigated wave transmission via a
strip plate in a double wall junction for a bending wave incident at normal incidence, taking into account
bending waves and in–plane quasi–longitudinal waves. They showed that a signiﬁcant amount of energy is
transported by quasi–longitudinal waves in the coupling plate. Craik et al. [20] generalized the model of
Bhattacharya et al. [19] to angular average transmission coeﬃcients including bending, quasi–longitudinal
and in–plane shear wave motion. This model was also compared with simpliﬁed models where the line
connection between the two parallel plates was either modeled as a beam or as a separate SEA subsystem
[20]. The ﬁnite width plate model gave the best agreement with measurement results for a freely suspended,
lightweight H–structure. Previously, Craik et al. [21, 22] have used simpliﬁed approaches to model structure–
borne transmission between double walls by treating the line connection as a massless and rigid beam [21]
or as a rotational spring [22]. Gibbs [23] developed a general model of bending and in–plane vibration
of coupled plates where there is more than one junction. The model was applied to a series of parallel
T–junctions to show the inﬂuence of resonances in the coupling plates and the fact that in–plane vibration
can travel appreciable distances through several junctions.
SEA models using the angular average transmission coeﬃcient determined from wave theory tend to
give good agreement with measurements and numerical modeling when the modal overlap factor is greater
than or equal to unity [4, 24] and when the mode count within a frequency band is at least ﬁve [25].
Heavyweight walls and ﬂoors often have low modal overlap and low modal density in a broad frequency
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range. Because these structures are highly damped when fully connected in real buildings, SEA can give
reasonable results even when these criteria are not met [8, 26, 27]. Furthermore, a preliminary comparison
with numerical simulations for structure–borne sound transmission across single and double concrete wall
junctions has indicated that SEA can give good insight in the general trends [28]. In this paper, SEA is
therefore applied to investigate ﬂanking transmission across rigid junctions consisting of both lightweight
and heavyweight walls. Section 2 describes the wave transmission between semi–inﬁnite plates in detail. The
model of Bosmans [29] for junctions of single plates is extended to the case of double walls. Transmission
coeﬃcients for double wall junctions are compared with those of single wall junctions and the inﬂuence of
in–plane wave motion is investigated. In section 3, velocity level diﬀerences between junctions built–up of
ﬁnite plates as calculated with SEA are presented for double wall junctions. Furthermore, the applicability
of equivalent single wall junction models is assessed and a limit case of two parallel single wall junctions is
investigated. Conclusions are given in section 4.
2. Wave transmission between semi–infinite plates
The wave approach is based on the interaction of semi–inﬁnite plates, where the plates are assumed to
intersect along inﬁnite joints. The excitation of the plate assembly is taken as a plane wave incident upon
the junction on one of the plates. The incident wave generates bending, quasi–longitudinal and in–plane
transverse shear waves propagating away from the junction on all plates. The forces and displacements at
the plate edges are expressed in terms of the amplitudes of these propagating waves. The equilibrium and
continuity conditions at the junction lines lead to a set of linear equations, the solution of which yields
the unknown wave amplitudes. The energy ﬂow associated with the traveling waves is determined by their
amplitudes. Finally, structure–borne sound transmission is quantiﬁed by the transmission coeﬃcient, which
is deﬁned as the ratio of the transmitted intensity to the intensity carried by the incident wave.
2.1. Problem deﬁnition and principles of the wave approach
The model is restricted to junctions of single or double plates connected along the entire width of a
common edge. Figures 1b and 1d show examples of a double wall T–junction and a double wall X–junction,
respectively. The plates are assumed solid, homogeneous and isotropic, and are modeled using thin plate
theory. Airborne coupling between the double wall leafs is neglected. For lightweight double walls, the
airborne coupling can be dominant, especially below and around the mass-spring-mass resonance frequency.
In this case, a comparison with measured vibration reduction indices that include the airborne path should
be made with caution. For heavyweight cavity walls, the structure-borne transmission is however most
important in the entire frequency range of interest.
An example junction is shown in ﬁgure 2 where a double wall T–junction is considered. The model
uses two junction beams to connect the plates together, but the beams do not represent a physical part of
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Figure 2: Exploded view of a double wall T-junction (N(1) = 2, N(2) = 2, θ
(1)
1 = 0
◦, θ(1)2 = 270
◦, θ(2)1 = 180
◦, θ(2)2 = 270
◦,
θ(12) = 180◦) with variables used to describe wave motion.
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Figure 3: Global and local coordinate system for each plate p connected to junction beam j.
the real junction. The beams are free to rotate and to undergo displacement in the three directions. The
junction beams are coupled to each other by a ﬁnite length plate. The length of this coupling plate is equal
to the cavity width of the double wall. In the present case, two semi–inﬁnite plates are connected to the
ﬁrst junction beam and two semi–inﬁnite plates to the second junction beam. The derivation however is
general and equally applies to other double wall junctions with diﬀerent number of plates connected to the
two junction beams. The number of plates connected to junction beam j, not counting the coupling plate, is
denoted by N (j). The variables related to the coupling plate are indicated by the superscript (12). Variables
related to plate p of junction beam j are indicated by a subscript p and a superscript (j). The coordinate
systems to describe each plate and their position relative to the junction beam are shown in ﬁgure 3. Wave
motion on each plate is described using a local coordinate system where each plate lies in the xz plane. Each
plate that forms the junction is then connected to the junction beams using the global coordinate system.
The plate response is described by three harmonic wave types: bending, quasi-longitudinal and in-plane
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transverse shear waves. The transverse plate displacement wy fulﬁls Kirchhoﬀ’s thin plate bending wave
equation:
∇4wy − k4Bwy = 0, (1)
where the bending wave number kB and the plate bending stiﬀness B
′ per unit width are deﬁned as
kB =
4
√
m′′ω2
B′
, (2)
B′ =
Eh3
12(1− ν2) . (3)
with m′′ = ρh the surface mass density, h the plate thickness, ρ the density, E = E(1 + jη) the complex
Young’s modulus, η the loss factor, and ν the Poisson’s ratio. The transverse displacement wy leads to a
rotation about the z-axis, αz, a bending moment per unit width, Mz, and a shear force per unit width, Fy
(ﬁgure 2):
αz =
∂wy
∂x
, (4)
Fy = −B′
(
∂3wy
∂x3
+ (2 − ν) ∂
3wy
∂x∂z2
)
, (5)
Mz = −B′
(
∂2wy
∂x2
+ ν
∂2wy
∂z2
)
. (6)
The in-plane displacements, wx and wz , are related by two coupled equations of motion [9, 26, 29]. These
equations can be uncoupled by introduction of a potential, Φ, and a stream function, Ψ, which are related
to the in-plane displacements as follows:
wx =
∂Φ
∂x
− ∂Ψ
∂z
, (7)
wz =
∂Φ
∂z
+
∂Ψ
∂x
. (8)
The equations of motion for in–plane quasi-longitudinal and transverse waves are then given by
∇2Φ+ k2LΦ = 0, (9)
∇2Ψ+ k2TΨ = 0, (10)
respectively. The quasi-longitudinal wave number kL and transverse wave number kT are given by
kL = ω
√
ρ(1 − ν2)
E
, (11)
kT = ω
√
ρ
G
, (12)
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with G = G(1 + jη) the complex shear modulus. The in-plane waves give rise to a normal force per unit
width, Fx, and an in-plane shear force per unit width, Fz (ﬁgure 2):
Fx =
Eh
1− ν2
(
∂wx
∂x
+ ν
∂wz
∂z
)
, (13)
Fz = Gh
(
∂wx
∂z
+
∂wz
∂x
)
. (14)
2.2. Solutions to the equations of motion
Incident waves can be bending, quasi–longitudinal, or transverse waves that travel in the negative x-
direction towards the ﬁrst junction at x = 0 (local coordinates). For any incident wave with unit amplitude
that impinges upon the junction at an angle of incidence, θi, the general form of the wave is
ejkix cos θie−jkiz sin θi , (15)
where ki is the wavenumber. According to Snell’s law, the waves generated at the junction have identical
spatial dependence along the z–axis as imposed by the incident wave. The angle of incidence is therefore
related to the angle of transmission θt by
ki sin θi = kt sin θt, (16)
where kt is the wavenumber of the transmitted wave. This gives the general form for transmitted waves as
Te−jkxxe−jkiz sin θi , (17)
where T is the complex amplitude. Note that the time-dependence ejωt has been omitted for brevity.
When ki > kt, there is a cut–oﬀ angle, θco, above which there is no transmitted wave and the transmission
coeﬃcient is zero. This cut–oﬀ angle can be calculated from
θco = arcsin
(
kt
ki
)
. (18)
2.2.1. Transmitted waves at the junctions
By substituting Eq. (17) into the equation of motion for bending waves (1) and by considering only wave
propagation in the direction of the positive x-axis, the transverse plate displacement is given by
w(j)yp (x, z) =
(
A(j)p e
−jk(j)Bpx1x +B(j)p e
−jk(j)Bpx2x
)
e−jkiz sin θi , (19)
for each plate p = 1 . . .N (j) at junction j = 1, 2. A
(j)
p and B
(j)
p represent the complex wave amplitudes
characterizing the bending waves generated on the plate. The wavenumbers k
(j)
Bpx1 and k
(j)
Bpx2 are given by:
k
(j)
Bpx1 =
⎧⎪⎪⎨
⎪⎪⎩
√(
k
(j)
Bp
)2
− (ki sin θi)2, if θi ≤ θco
−j
√
(ki sin θi)
2 −
(
k
(j)
Bp
)2
, if θi > θco
(20)
k
(j)
Bpx2 = −j
√(
k
(j)
Bp
)2
+ (ki sin θi)
2
. (21)
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The wavenumber k
(j)
Bpx2 is always imaginary. The wavenumber k
(j)
Bpx1 can be either real or imaginary, cor-
responding to a traveling wave or exponentially decaying near-ﬁeld respectively. The angle of incidence at
which the bending wave transforms from a traveling wave into a near-ﬁeld is equal to the cut-oﬀ angle θco
as deﬁned in Eq. (18).
Substitution of Eq. (17) into the equations of motion (9) and (10) for quasi–longitudinal and in-plane
transverse waves, leads to the following solutions:
Φ(j)p (x, z) = P
(j)
p e
−jk(j)Lpxxe−jkiz sin θi , (22)
Ψ(j)p (x, z) = Q
(j)
p e
−jk(j)Tpxxe−jkiz sin θi , (23)
where P
(j)
p and Q
(j)
p are the complex amplitudes of quasi–longitudinal and in–plane transverse waves. The
wavenumbers k
(j)
Lpx and k
(j)
Tpx are calculated as
k
(j)
Lpx =
⎧⎪⎪⎨
⎪⎪⎩
√(
k
(j)
Lp
)2
− (ki sin θi)2, if θi ≤ θco
−j
√
(ki sin θi)
2 −
(
k
(j)
Lp
)2
, if θi > θco
(24)
k
(j)
Tpx =
⎧⎪⎪⎨
⎪⎪⎩
√(
k
(j)
Tp
)2
− (ki sin θi)2, if θi ≤ θco
−j
√
(ki sin θi)
2 −
(
k
(j)
Tp
)2
, if θi > θco
(25)
By substitution of equation (19) into equations (4)-(6), the forces and displacements corresponding to
bending wave motion can be written as:⎡
⎢⎢⎢⎢⎢⎢⎣
w
(j)
yp
α
(j)
zp
M
(j)
zp
F
(j)
yp
⎤
⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎢⎢⎣
C
wy(j)
p1 C
wy(j)
p2
C
αz(j)
p1 C
αz(j)
p2
C
Mz(j)
p1 C
Mz(j)
p2
C
Fy(j)
p1 C
Fy(j)
p2
⎤
⎥⎥⎥⎥⎥⎥⎦
⎡
⎣A(j)p e−jk(j)Bpx1x
B
(j)
p e
−jk(j)Bpx2x
⎤
⎦ e−jkiz sin θi , (26)
with:
C
wy(j)
p1 = 1, (27)
C
wy(j)
p2 = 1, (28)
C
αz(j)
p1 = −jk(j)Bpx1, (29)
C
αz(j)
p2 = −jk(j)Bpx1, (30)
C
Mz(j)
p1 = B
′(j)
p
(
(k
(j)
Bpx1)
2 + ν(j)p k
2
i sin
2 θi
)
, (31)
C
Mz(j)
p2 = B
′(j)
p
(
(k
(j)
Bpx2)
2 + ν(j)p k
2
i sin
2 θi
)
, (32)
C
Fy(j)
p1 = −jB′(j)p k(j)Bpx1
(
(k
(j)
Bpx1)
2 + (2 − ν(j)p )k2i sin2 θi
)
, (33)
C
Fy(j)
p2 = −jB′(j)p k(j)Bpx2
(
(k
(j)
Bpx2)
2 + (2 − ν(j)p )k2i sin2 θi
)
. (34)
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Similarly, the forces and displacements corresponding to in–plane wave motion can be written in terms of
the contribution factors P
(j)
p and Q
(j)
p ,⎡
⎢⎢⎢⎢⎢⎢⎣
w
(j)
xp
w
(j)
zp
F
(j)
xp
F
(j)
zp
⎤
⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎢⎢⎣
C
wx(j)
p1 C
wx(j)
p2
C
wz(j)
p1 C
wz(j)
p2
C
Fx(j)
p1 C
Fx(j)
p2
C
Fz(j)
p1 C
Fz(j)
p2
⎤
⎥⎥⎥⎥⎥⎥⎦
⎡
⎣P (j)p e−jk(j)Lpxx
Q
(j)
p e
−jk(j)Tpxx
⎤
⎦ e−jkiz sin θi , (35)
with:
C
wx(j)
p1 = −jk(j)Lpx, (36)
C
wx(j)
p2 = jki sin θi, (37)
C
wz(j)
p1 = −jki sin θi, (38)
C
wz(j)
p2 = −jk(j)Tpx, (39)
C
Fx(j)
p1 = −
E(j)p h
(j)
p
1− (ν(j)p )2
(
(k
(j)
Lpx)
2 + ν(j)p k
2
i sin
2 θi
)
, (40)
C
Fx(j)
p2 = 2G
(j)
p h
(j)
p k
(j)
Tpxki sin θi, (41)
C
Fz(j)
p1 = −2G(j)p h(j)p k(j)Lpxki sin θi, (42)
C
Fz(j)
p2 = G
(j)
p h
(j)
p
(
−(k(j)Tpx)2 + k2i sin2 θi
)
. (43)
2.2.2. Waves in the plate connecting the junction beams
Due to the ﬁnite length of the coupling plate, there will be waves travelling in both a positive and
negative direction. Following general solution is used to describe the bending wave motion in the plate
connecting the two junction beams:
w(12)y (x, z) =
(
A(12)e−jk
(12)
Bx1 (x−fAd) +B(12)e−jk
(12)
Bx2(x−fBd)
+C(12)ejk
(12)
Bx1 (x−fCd) +D(12)ejk
(12)
Bx2 (x−fDd)
)
e−jkiz sin θi . (44)
To improve the numerical condition of the model, the wave functions are scaled so that they have amplitudes
not larger than 1 in the interval [0, d] with d the length of the plate connecting the two junction beams [30].
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The scaling factors are deﬁned as
fA =
⎧⎪⎨
⎪⎩
1, if 
{
k
(12)
Bx1
}
> 0
0, if 
{
k
(12)
Bx1
}
≤ 0
(45)
fB =
⎧⎪⎨
⎪⎩
1, if 
{
k
(12)
Bx2
}
> 0
0, if 
{
k
(12)
Bx2
}
≤ 0
(46)
fC =
⎧⎪⎨
⎪⎩
1, if 
{
k
(12)
Bx1
}
≤ 0
0, if 
{
k
(12)
Bx1
}
> 0
(47)
fD =
⎧⎪⎨
⎪⎩
1, if 
{
k
(12)
Bx2
}
≤ 0
0, if 
{
k
(12)
Bx2
}
> 0
(48)
where  means ’imaginary part of’. The displacements and forces corresponding to bending wave motion
are then given by:⎡
⎢⎢⎢⎢⎢⎢⎣
w
(12)
y
α
(12)
z
M
(12)
z
F
(12)
y
⎤
⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎢⎢⎣
C
wy(12)
1 C
wy(12)
2 C
wy(12)
1 C
wy(12)
2
C
αz(12)
1 C
αz(12)
2 −Cαz(12)1 −Cαz(12)2
C
Mz(12)
1 C
Mz(12)
2 C
Mz(12)
1 C
Mz(12)
2
C
Fy(12)
1 C
Fy(12)
2 −CFy(12)1 −CFy(12)2
⎤
⎥⎥⎥⎥⎥⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎣
A(12)e−jk
(12)
Bx1(x−fAd)
B(12)e−jk
(12)
Bx2 (x−fBd)
C(12)ejk
(12)
Bx1(x−fCd)
D(12)ejk
(12)
Bx2 (x−fDd)
⎤
⎥⎥⎥⎥⎥⎥⎦
e−jkiz sin θi , (49)
where the coeﬃcients C can be calculated from equations (27)-(34). Similarly, following solutions are used
to describe the in–plane wave motion,
Φ(12)(x, z) =
(
P (12)e−jk
(12)
Lx (x−fP d) +R(12)ejk
(12)
Lx (x−fRd)
)
e−jkiz sin θi , (50)
Ψ(12)(x, z) =
(
Q(12)e−jk
(12)
Tx (x−fQd) + S(12)ejk
(12)
Tx (x−fSd)
)
e−jkiz sin θi , (51)
where the scaling factors are deﬁned as
fP =
⎧⎪⎨
⎪⎩
1, if 
{
k
(12)
Lx
}
> 0
0, if 
{
k
(12)
Lx
}
≤ 0
(52)
fQ =
⎧⎪⎨
⎪⎩
1, if 
{
k
(12)
Tx
}
> 0
0, if 
{
k
(12)
Tx
}
≤ 0
(53)
fR =
⎧⎪⎨
⎪⎩
1, if 
{
k
(12)
Lx
}
≤ 0
0, if 
{
k
(12)
Lx
}
> 0
(54)
fS =
⎧⎪⎨
⎪⎩
1, if 
{
k
(12)
Tx
}
≤ 0
0, if 
{
k
(12)
Tx
}
> 0
(55)
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These solutions lead to following relations for the in–plane displacements and forces in the coupling plate:⎡
⎢⎢⎢⎢⎢⎢⎣
w
(12)
x
w
(12)
z
F
(12)
x
F
(12)
z
⎤
⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎢⎢⎣
C
wx(12)
1 C
wx(12)
2 −Cwx(12)1 Cwx(12)2
C
wz(12)
1 C
wz(12)
2 C
wz(12)
1 −Cwz(12)2
C
Fx(12)
1 C
Fx(12)
2 C
Fx(12)
1 −CFx(12)2
C
Fz(12)
1 C
Fz(12)
2 −CFz(12)1 CFz(12)2
⎤
⎥⎥⎥⎥⎥⎥⎦
⎡
⎢⎢⎢⎢⎢⎢⎣
P (12)e−jk
(12)
Lx (x−fP d)
Q(12)e−jk
(12)
Tx (x−fQd)
R(12)ejk
(12)
Lx (x−fRd)
S(12)ejk
(12)
Tx (x−fSd)
⎤
⎥⎥⎥⎥⎥⎥⎦
e−jkiz sin θi , (56)
with the coeﬃcients C given by equations (36)-(43).
2.2.3. Incident waves
For an incident bending wave on plate p = 1 of junction j = 1 that is described by the general form in
Eq. (15) and impinges upon the junction at x = 0, the displacement, rotation, bending moment and shear
force are given by
w
(1)
y1i(0, z) = e
−jkiz sin θi , (57)
α
(1)
z1i(0, z) = jki cos θie
−jkiz sin θi , (58)
M
(1)
z1i (0, z) = B
′(1)
1 k
2
i
(
cos2 θi + ν
(1)
1 sin
2 θi
)
e−jkiz sin θi , (59)
F
(1)
y1i (0, z) = jB
′(1)
1 k
3
i cos θi
(
cos2 θi + (2− ν(1)1 ) sin2 θi
)
e−jkiz sin θi . (60)
where the wavenumber of the incident wave, ki, is equal to the bending wavenumber on plate 1 of junction
1, k
(1)
B1 . Since bending waves do not contribute directly to the in-plane forces and displacements, w
(1)
x1i, w
(1)
z1i,
F
(1)
x1i , and F
(1)
z1i are equal to zero for an incident bending wave.
A similar procedure can be applied for incident quasi–longitudinal and in–plane transverse waves. In
both cases, w
(1)
y1i, α
(1)
z1i, M
(1)
z1i , and F
(1)
y1i are zero. A unit amplitude quasi–longitudinal wave that is described
by the general form of Eq. (15) is given by
Φ(x, z) = ejkix cos θie−jkiz sin θi , (61)
where ki is equal to k
(1)
L1 . When this wave impinges upon the ﬁrst junction at x = 0, the displacements and
forces are given by
w
(1)
x1i(0, z) = jki cos θie
−jkiz sin θi , (62)
w
(1)
z1i(0, z) = −jki sin θie−jkiz sin θi , (63)
F
(1)
x1i (0, z) = −
E
(1)
1 h
(1)
1
1− (ν(1)1 )2
k2i
(
cos2 θi + ν
(1)
1 sin
2 θi
)
e−jkiz sin θi , (64)
F
(1)
y1i (0, z) = 2G
(1)
1 h
(1)
1 k
2
i cos θi sin θie
−jkiz sin θi . (65)
Similarly, a unit amplitude transverse wave is given by
Ψ(x, z) = ejkix cos θie−jkiz sin θi , (66)
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where ki is equal to k
(1)
T1 . When this wave impinges upon the ﬁrst junction at x = 0, the in–plane displace-
ments and forces are given by
w
(1)
x1i(0, z) = jki sin θie
−jkiz sin θi , (67)
w
(1)
z1i(0, z) = jki cos θie
−jkiz sin θi , (68)
F
(1)
x1i (0, z) = −2G(1)1 h(1)1 k2i cos θi sin θie−jkiz sin θi , (69)
F
(1)
y1i (0, z) = G
(1)
1 h
(1)
1 k
2
i
(
sin2 θi − cos2 θi
)
e−jkiz sin θi . (70)
2.3. Boundary and continuity conditions
Because the solution functions are exact solutions of the equations of motion, the complex amplitudes are
only determined by the boundary and continuity conditions at the rigid junction beams. The equilibrium
conditions of the junction beams are expressed in terms of the global coordinate system (ﬁgure 3). For the
ﬁrst junction beam, this yields:
N(1)∑
p=1
[
F (1)xp (0, z) cos θ
(1)
p − F (1)yp (0, z) sin θ(1)p
]
+ F (12)x (0, z) cos θ
(12) − F (12)y (0, z) sin θ(12)
+ F
(1)
x1i(0, z) cos θ
(1)
1 − F (1)y1i(0, z) sin θ(1)1 = 0, (71)
N(1)∑
p=1
[
F (1)xp (0, z) sin θ
(1)
p + F
(1)
yp (0, z) cos θ
(1)
p
]
+ F (12)x (0, z) sin θ
(12) + F (12)y (0, z) cos θ
(12)
+ F
(1)
x1i (0, z) sin θ
(1)
1 + F
(1)
y1i (0, z) cos θ
(1)
1 = 0, (72)
N(1)∑
p=1
[
F (1)zp (0, z)
]
+ F (12)z (0, z) + F
(1)
z1i (0, z) = 0, (73)
N(1)∑
p=1
[
M (1)zp (0, z)
]
+M (12)z (0, z) +M
(1)
z1i (0, z) = 0. (74)
Similarly, the equilibrium conditions of the second junction beam are given by:
N(2)∑
p=1
[
F (2)xp (0, z) cos θ
(2)
p − F (2)yp (0, z) sin θ(2)p
]
− F (12)x (d, z) cos θ(12) + F (12)y (d, z) sin θ(12) = 0, (75)
N(2)∑
p=1
[
F (2)xp (0, z) sin θ
(2)
p + F
(2)
yp (0, z) cos θ
(2)
p
]
− F (12)x (0, z) sin θ(12) − F (12)y (d, z) cos θ(12) = 0, (76)
N(2)∑
p=1
[
F (2)zp (0, z)
]
− F (12)z (d, z) = 0, (77)
N(2)∑
p=1
[
M (2)zp (0, z)
]
−M (12)z (d, z) = 0. (78)
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Here, θ
(j)
p is the coupling angle (ﬁgure 3) and N (j) is the number of plates connected to junction j without
the coupling plate. These equilibrium conditions ensure that the sum of forces acting on each junction beam
equals zero.
For a rigid plate junction, the displacements at the plate edge (w
(j)
xp , w
(j)
yp , w
(j)
zp , and α
(j)
zp ) are assumed to
be equal to the displacements of the junction beam (w
(j)
xb , w
(j)
yb , w
(j)
zb , and α
(j)
zb ). The continuity conditions
at the junction beam are written in the local coordinate system:
w(j)xp (0, z) = w
(j)
xb (z) cos θ
(j)
p + w
(j)
yb (z) sin θ
(j)
p , (79)
w(j)yp (0, z) = −w(j)xb (z) sin θ(j)p + w(j)yb (z) cos θ(j)p , (80)
w(j)zp (0, z) = w
(j)
zb (z), (81)
α(j)zp (0, z) = α
(j)
zb (z). (82)
For the speciﬁc case of the ﬁrst plate (p = 1, j = 1), the contributions of the incident wave (w
(1)
x1i, w
(1)
y1i, w
(1)
z1i,
and α
(1)
z1i) to the displacements at the plate edge have to be added to the left–hand side of the corresponding
equations:
w
(1)
x1 (0, z) + w
(1)
x1i(z) = w
(1)
xb (z) cos θ
(1)
1 + w
(1)
yb (z) sin θ
(1)
1 , (83)
w
(1)
y1 (0, z) + w
(1)
y1i(z) = −w(1)xb (z) sin θ(1)1 + w(1)yb (z) cos θ(1)1 , (84)
w
(1)
z1 (0, z) + w
(1)
z1i(z) = w
(1)
zb (z), (85)
α
(1)
z1 (0, z) + α
(1)
z1i(z) = α
(1)
zb (z). (86)
For the plate connecting the two junction beams, following continuity conditions hold:
w(12)x (0, z) = w
(1)
xb (z) cos θ
(12) + w
(1)
yb (z) sin θ
(12), (87)
w(12)y (0, z) = −w(1)xb (z) sin θ(12) + w(1)yb (z) cos θ(12), (88)
w(12)z (0, z) = w
(1)
zb (z), (89)
α(12)z (0, z) = α
(1)
zb (z), (90)
w(12)x (d, z) = w
(2)
xb (z) cos θ
(12) + w
(2)
yb (z) sin θ
(12), (91)
w(12)y (d, z) = −w(2)xb (z) sin θ(12) + w(2)yb (z) cos θ(12), (92)
w(12)z (d, z) = w
(2)
zb (z) (93)
α(12)z (d, z) = α
(2)
zb (z). (94)
The set of equations (71)-(94) are solved by converting them into matrix format and using a matrix
inversion to give the complex amplitudes on each plate (A
(j)
p , B
(j)
p , Q
(j)
p , R
(j)
p ) as well as the junction beam
parameters (w
(j)
xb , w
(j)
yb , w
(j)
zb , and α
(j)
zb ).
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2.4. Transmission coeﬃcients
The transmission coeﬃcient for any incident wave on plate 1 of junction 1 that is transmitted to plate
p of junction j at a speciﬁc angle of incidence is calculated from the ratio of the wave intensities in the
x–direction using
τ(θi) =
I
(j)
xp (θi)
I
(1)
x1i(θi)
. (95)
For a unit amplitude wave incident upon the junction, the x–direction intensities are [9]
I
(1)
Bx1i(θi) = B
′(1)
1 ω
(
k
(1)
B1
)3
cos θi, (96)
I
(1)
Lx1i(θi) =
1
2
m
′′(1)
1 ω
3k
(1)
L1 cos θi, (97)
I
(1)
Tx1i(θi) =
1
2
m
′′(1)
1 ω
3k
(1)
T1 cos θi, (98)
for an incident bending, quasi–longitudinal, and in–plane transverse wave, respectively. For the transmitted
bending wave on plate p of junction j, the x–direction intensity is [9]
I
(j)
Bxp(θi) =
1
2

{
F (j)yp (−jωw(j)yp )∗ +M (j)zp (jωα(j)zp )∗
}
, (99)
where ∗ denotes the complex conjugate and  means ’real part of’. The total in-plane wave intensity in
the x–direction I
(j)
LTpx is composed of contributions from the quasi–longitudinal and the in–plane transverse
wave, and is given by
I
(j)
LTxp(θi) =
1
2

{
F (j)xp (−jωw(j)xp )∗ + F (j)zp (−jωw(j)zp )∗
}
. (100)
The transmitted wave intensities can be re–written in terms of the complex wave amplitudes [29]
I
(j)
Bxp(θi) = −
1
2
ω
{
C
Fy(j)
p1 (C
wy(j)
p1 )
∗ − CMz(j)p1 (Cαz(j)p1 )∗
}
|A(j)p |2, (101)
I
(j)
Lxp(θi) = −
1
2
ω
{
C
Fx(j)
p1 (C
wx(j)
p1 )
∗ + CFz(j)p1 (C
wz(j)
p1 )
∗
}
|P (j)p |2, (102)
I
(j)
Txp(θi) = −
1
2
ω
{
C
Fx(j)
p2 (C
wx(j)
p2 )
∗ + CFz(j)p2 (C
Fz(j)
p2 )
∗
}
|Q(j)p |2. (103)
The wave approach considers a plane wave that impinges upon the junction at a speciﬁc angle of incidence
θi. This results in an angle–speciﬁc transmission coeﬃcient, τ(θi). In the framework of SEA, it is assumed
that the incident energy is uniformly distributed in angle. In this case, one is interested in the angular
average transmission coeﬃcient, τi, that is given by [26, 29]
τ =
∫ π/2
0
τ(θi) cos θidθi. (104)
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2.5. Numerical examples
The theory discussed in this section is illustrated by a number of numerical examples. The junctions
considered are composed of concrete plates with material properties ρ = 2500 kg/m3, E = 30e9Pa, ν = 0.17,
and η = 0. The structure–borne sound transmission at a double wall T–junction (ﬁgure 1b) is compared
with that of a single wall T–junction (ﬁgure 1a). The ﬂoors (plates 1 and 2 in ﬁgure 1) have a thickness of
15 cm and the walls (plates 3 and 4 in ﬁgure 1) a thickness of 10 cm. The cavity width d of the double wall
is 5 cm. The transmission coeﬃcients are calculated as a function of the angle of incidence for the case of an
incident bending wave at 1000Hz. The values of the transmission coeﬃcients are quantiﬁed by the distance
between two adjacent curves in the cumulative diagram of ﬁgure 4. The results clearly show that the sum
of transmission coeﬃcients is equal to unity for all angles of incidence as required by the conservation of
energy. The cut–oﬀ angle for quasi-longitudinal waves is equal to 16.2◦ at 1000Hz, above which no quasi–
longitudinal waves are transmitted. Similarly, the cut-oﬀ angle for transverse waves equals 25.6◦ at 1000Hz.
These cut–oﬀ angles can be clearly identiﬁed in the results for both the single and double wall junction. At
larger angles of incidence, all of the incident intensity is reﬂected or transmitted as bending waves. The
general trends for the single and double wall junction are similar. More wave energy is reﬂected by the
double wall compared to the single wall. In general, the bending wave transmission to the second plate is
smaller for the double wall than for the single wall junction. In the double wall results, the transmission
coeﬃcients for the fourth plate are smaller than for the third plate. While the sum of the bending wave
energy transmitted to the double wall leafs is larger than for the single wall, the transmission coeﬃcients
for each leaf is smaller than for the single wall.
To investigate the inﬂuence of in–plane wave motion, a model has been set up using the wave approach
assuming that there are only bending waves. For this purpose, the junction beams are simply supported
so that they cannot undergo displacement, but are free to rotate. Figure 5 compares the angular average
transmission loss TL = −10 log τ obtained with the two wave approaches for the single and double wall T–
junctions described above. For the single wall junction, the TL is independent of frequency when the wave
approach assumes that there are only bending waves (ﬁgure 5a). While the bending wave only approach gives
reasonable results for the single wall junction, it largely overestimates the TL for the double wall junction
(ﬁgure 5b). This strong overestimation is probably caused by modeling the junctions as simply supported
beams to avoid the generation of in–plane waves. Because the two junctions at close distance cannot undergo
displacement, the generation of bending waves is also restricted by these additional boundary conditions,
especially at low frequencies where the bending wavelength is much larger than the cavity width. These
results also indicate that a signiﬁcant amount of energy can be transported between the two junction beams
by in–plane wave transmission as observed in previous investigations [19, 23]. The simpliﬁed bending only
model is thus insuﬃcient for an accurate prediction of the structure–borne sound transmission across double
wall junctions and in–plane waves should be accounted for.
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Figure 4: Cumulative diagram showing the transmission/reﬂection coeﬃcient as a function of the angle of incidence for (a) a
concrete single wall T–junction (h1 = h2 = 0.15m, h3 = 0.10m) and (b) a concrete double wall T–junction (h1 = h2 = 0.15m,
h3 = h4 = 0.10m, d = 5 cm) for an incident bending wave on plate 1 at 1000Hz. The descriptors Bj/Lj/Tj refer to a
transmitted/reﬂected bending wave (B) / quasi–longitudinal wave (L) / in–plane transverse wave (T) on plate j.
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Figure 5: Angular average transmission loss for bending waves transmitted across (a) a concrete single wall T–junction (h1 =
h2 = 0.15m, h3 = 0.10m) and (b) a concrete double wall T–junction (h1 = h2 = 0.15m, h3 = h4 = 0.10m, d = 5 cm) for
an incident bending wave on plate 1. The results are calculated with a wave approach for bending waves only and a wave
approach for bending and in–plane waves.
3. Statistical model
3.1. Statistical energy analysis (SEA)
The angular average transmission coeﬃcients determined from the wave theory of section 2 can be used
in a SEA model [8] to predict the velocity level diﬀerences between junctions built up of ﬁnite plates. Each
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plate is represented by three subsystems to incorporate bending, quasi-longitudinal, and in–plane transverse
waves into the SEA model. The plate connecting the two junction beams is not taken into account explicitly
as a separate subsystem in the SEA model. The SEA model for the double plate junction thus consists
of 3(N (1) + N (2)) subsystems. For isotropic, line connected plates, the coupling loss factors between the
diﬀerent subsystems can be determined from the angular average transmission coeﬃcient by [29]:
ηij =
cgiLijτ ij
ωπSi
, (105)
where Lij is the junction length, Si is the surface area of plate i, and cgi is the group velocity for the waves
(bending, quasi-longitudinal or transverse) on plate i. These coupling loss factors can be used in a general
SEA matrix formulation which can be found in appendix Appendix A.1. Solving the SEA equations gives
the energy of each subsystem. In this paper, we are interested in the velocity level diﬀerence Dv,ij between
the excited plate i and plate j, which can be calculated from the bending energy ratio,
Dv,ij = 10 log
|vy,i|2
|vy,j |2 = 10 log
EBi
EBj
+ 10 log
m′′j
m′′i
, (106)
with vy,i/j the transverse velocity and EBi/j the bending energy of plate i/j.
3.2. Numerical results
The SEA model is used to investigate the vibration transmission across double wall junctions. The
results are compared with results for rigid single wall junctions. In all calculations, the junction beams have
a length of 4m, the ﬂoors (plates 1 and 2 in ﬁgure 1) have a width of 5m and the walls (plates 3 to 6 in
ﬁgure 1) have a height of 3.5m. An internal loss factor of 0.01 is used in the SEA model for the plates and
no edge damping is included (apart from coupling to the other plates).
3.2.1. Double concrete wall junctions
First, a T– and X–junction composed of 15 cm thick concrete ﬂoors and double concrete walls are
considered. The double walls consist of 10 cm concrete leafs separated by an air cavity of 5 cm. The material
properties used for the concrete plates are given in table 1. Figure 6 shows the velocity level diﬀerence for
the T– junction when the ﬂoor (plate 1) or the wall (plate 3) is excited. Figure 7 shows the results for the
X– junction. The results for Dv,15 and Dv,16 are not shown because Dv,15 = Dv,13 and Dv,16 = Dv,14 due
to symmetry.
For transmission around the corner, i.e. from ﬂoor to wall or from wall to ﬂoor, the velocity level
diﬀerence steadily increases with frequency for both the T–junction (ﬁgure 6) and the X–junction (ﬁgure
7). The velocity level diﬀerence between a ﬂoor and the nearest wall (Dv,13 and Dv,31) is smaller than
the velocity level diﬀerence between a ﬂoor and the furthest wall (Dv,14 and Dv,32). This can be expected
because a wall is added on the transmission path. The diﬀerence is however negligible at low frequencies
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Material ρ [kg/m3] E [MPa] ν [-] η [-]
Concrete 2500 30000 0.17 0.01
Cellular concrete 650 1800 0.30 0.01
Gypsum plasterboard 700 2500 0.30 0.01
Table 1: Material data (density ρ, Young’s modulus E, Poisson’s ratio ν, and internal loss factor η) used in the simulations.
63 125 250 500 1000 2000 4000 8000
0
5
10
15
frequency [Hz]
ve
lo
ci
ty
 le
ve
l d
iff
er
en
ce
 [d
B]
1−2
1−3
1−4
1 2
3 4
63 125 250 500 1000 2000 4000 8000
0
5
10
15
20
frequency [Hz]
ve
lo
ci
ty
 le
ve
l d
iff
er
en
ce
 [d
B]
3−1
3−2
3−4
1 2
3 4
(a) (b)
Figure 6: Velocity level diﬀerence for a concrete double wall T–junction (h1 = h2 = 0.15m, h3 = h4 = 0.10m, d = 5 cm) when
(a) plate 1 or (b) plate 3 is excited.
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Figure 7: Velocity level diﬀerence for a concrete double wall X–junction (h1 = h2 = 0.15m, h3 = h4 = h5 = h6 = 0.10m,
d = 5 cm) when (a) plate 1 or (b) plate 3 is excited.
and increases up to 2.5 dB at 10000Hz. The ﬂoor–wall vibration attenuation for the X–junction is similar
to that for the T–junction, but on average 1.5 dB larger in the frequency range up to 2000Hz. At higher
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frequencies, the diﬀerence is negligible.
The ﬂoor–ﬂoor velocity level diﬀerence Dv,12 generally increases with frequency but a plateau value is
observed between 500 and 4000Hz. The vibration reduction is again the largest for the X–junction. The
diﬀerence between the X– and T–junction is 1.5 dB at low frequencies and 3 dB at high frequencies. Again,
it is evident that the attenuation will increase when one or more walls are added on the transmission path.
The wall–wall velocity level diﬀerence Dv,34 is 5 to 10 dB for the T–junction and about 10 dB for the
X–junction. It must be reminded that airborne coupling between the walls is not accounted for in the
model. The airborne coupling however reduces strongly above the mass–spring–mass resonance frequency
of the double wall at 24Hz. The velocity level diﬀerence between the two walls due to airborne coupling
as predicted with an inﬁnite plate model for normal incidence, is already more than 15 dB at 50Hz. The
structure–borne velocity level diﬀerence between the walls is limited to 5−10 dB in the entire frequency range
of interest. For heavyweight structures, the airborne coupling between the walls can thus be disregarded in
the entire frequency range of interest.
For the X–junction, there are two additional ﬂanking paths from the upper wall to the lower walls, Dv,35
and Dv,36. For both ﬂanking paths, the velocity level diﬀerence is similar. Dv,35 and Dv,36 show the same
trends as Dv,12 between the two ﬂoors, but are on average 4 dB larger.
It can be noted here that the SEA model is not applicable at low frequencies as it doesn’t account
for modal behaviour of the plates. For the concrete walls and ﬂoors, the modal overlap factor exceeds
unity above 1600Hz only. Large variations are therefore possible for a speciﬁc junction. However, previous
investigations [8, 26, 27] have indicated that SEA can give reasonable results even when these criteria are
not met. A comparison with numerical simulations for ﬁnite–sized plates has indeed indicated that SEA
can give good insight in the general trends even at low frequencies [28].
Although predictions have been shown up to 10000Hz, the applicability to real heavyweight building
structures is limited at frequencies above 5000Hz. At high frequencies, the assumption of perfectly rigid
coupling between the plates is often not valid anymore due to imperfect joints. Furthermore, the vibration
level will decrease with distance across the plates due to high damping and thus the assumption of diﬀuse
vibration ﬁelds is violated. This attenuation will be stronger for brick- and blockwork walls.
3.2.2. Comparison with single wall junctions
Figure 8 compares the velocity level diﬀerence of the double wall X–junction of the previous paragraph
with that of a single wall X–junction when the ﬂoor is excited. The single concrete walls have a thickness of
10 cm. The velocity level diﬀerence Dv,12 between ﬂoor and ﬂoor for the double wall shows the same trends
as for the single wall junction, but the vibration reduction for the double walls is 1.5 − 3.5 dB larger over
the entire frequency range of interest. Similarly, Dv,14 between the ﬂoor and the second cavity leaf is on
average 3 dB larger than the ﬂoor–wall velocity level diﬀerence Dv,13 of the single wall junction. At high
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Figure 8: Velocity level diﬀerence for a X–junction with concrete ﬂoors (h1 = h2 = 0.15m) and single concrete walls (h3 =
h5 = 0.10m) or double concrete walls (h3 = h4 = h5 = h6 = 0.10m, d = 0.05m) when plate 1 is excited.
frequencies, the velocity level diﬀerence Dv,13 for the double wall converges to the ﬂoor-wall velocity level
diﬀerence Dv,13 of the single wall junction, indicating that the second leaf of the double wall is decoupled
from the ﬁrst wall. At low frequencies, however, both leafs of the double wall are strongly coupled. As a
result, Dv,13 is similar to Dv,14 for the double wall in this frequency range, and larger than the ﬂoor–wall
velocity level diﬀerence of the single wall junction.
The diﬀerence between the ﬂoor–ﬂoor transmission for the double and single concrete wall X–junctions
(Ddoublev,12 −Dsinglev,12 ) is plotted in ﬁgure 9a. Similarly, ﬁgure 9b shows the diﬀerence for the ﬂoor–wall trans-
mission (Ddoublev,14 − Dsinglev,13 ). The same comparison is made between a single and double wall T–junction
composed of 10 cm concrete walls, and between single and double wall X–junctions composed of 20 cm con-
crete walls, 10 cm cellular concrete walls, or 12.5mm gypsum ﬁberboard walls. All junctions have 15 cm
concrete ﬂoors. For the concrete and cellular concrete walls, the cavity width is 5 cm. The double gypsum
ﬁberboard walls have a cavity width of 205mm. The material parameters used for the diﬀerent walls are
summarized in table 1. The diﬀerence between a double and a single concrete wall T–junction with 10 cm
concrete walls is 1 − 2 dB. This diﬀerence is on average 1 dB smaller than for the X–junction. When the
wall thickness of the X–junction is increased to 20 cm, the diﬀerences between the single and double wall
junctions increase to 3−5 dB. For the lightweight cellular concrete walls, the diﬀerences are limited to 1 dB,
while the diﬀerences for the gypsum ﬁberboard walls are negligible. The diﬀerence Ddoublev − Dsinglev thus
increases with increasing mass of the double leaf walls and is larger for a X–junction than for a T–junction.
3.2.3. Equivalent single wall modeling
It is interesting to verify whether the vibration transmission across double wall junctions can be modelled
using an equivalent single wall model. A double wall T–junction is often modeled as a single wall X–junction.
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Figure 9: Diﬀerence between the velocity level diﬀerence of double wall junctions and the velocity level diﬀerence of single wall
junctions for (a) the ﬂoor–ﬂoor transmission (Ddoublev,12 −Dsinglev,12 ) and (b) the ﬂoor–wall transmission (Ddoublev,14 −Dsinglev,13 ).
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Figure 10: Velocity level diﬀerence for (i) a double wall T–junction with concrete ﬂoors (h1 = h2 = 0.15m) and double concrete
walls (h3 = h4 = 0.10m, d = 5 cm) or (ii) a single wall X–junction with concrete ﬂoors (h1 = h2 = 0.15m) and concrete walls
(h3 = h5 = 0.10m) when plate 1 is excited. (a) Floor to ﬂoor transmission and (b) ﬂoor to wall transmission.
Figure 10 shows the velocity level diﬀerence for a T–junction with 15 cm concrete ﬂoors and a 10(5)10 cm
double concrete wall. The results are compared with the velocity level diﬀerence for a single wall X–junction
with 15 cm concrete ﬂoors and 10 cm concrete walls. The velocity level diﬀerence Dv,12 between ﬂoor and
ﬂoor and Dv,13 between ﬂoor and ﬁrst wall can be well predicted with an equivalent single wall X–junction.
The velocity level diﬀerence Dv,14 between ﬂoor and second wall is underestimated by the single wall model
at high frequencies, but the agreement is still reasonable in a broad frequency range.
Figure 11 shows the velocity level diﬀerence for a X–junction with 10(5)10 cm double concrete walls.
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Figure 11: Velocity level diﬀerence for a X–junction with concrete ﬂoors (h1 = h2 = 0.15m) and (i) double concrete walls
(h3 = h4 = h5 = h6 = 0.10m, d = 5 cm), (ii) single concrete walls with h3 = h5 = 0.10m or (iii) single concrete walls with
h3 = h5 = 0.20m. (a) Floor to ﬂoor transmission and (b) ﬂoor to wall transmission.
The results are compared with the vibration reduction for two equivalent single wall junctions with 10 cm
or 20 cm concrete walls. The ﬂoor–ﬂoor transmission path across the double walls (Dv,12) can be well
approximated by assuming an equivalent single wall with thickness 20 cm. The vibration transmission from
the ﬂoor to the ﬁrst leaf is similar to that for a X–junction with 10 cm thick single walls, especially at high
frequencies where the two leafs of the double walls are eﬀectively decoupled. The velocity level diﬀerence
Dv,14 between the ﬂoor and the second wall cannot be accurately predicted with an equivalent single wall
model. The ﬂoor–wall velocity level diﬀerences Dv,13 of the 10 and 20 cm single concrete wall models do
give, however, a lower and upper limit, respectively.
3.2.4. Structure–borne sound transmission across two adjacent single wall junctions
By increasing the cavity width d, the double wall junction model can be used to investigate the limiting
case of structure–borne sound transmission across two parallel single wall junctions. The eﬀect of vibration
coupling between two adjacent single wall junctions is investigated by comparing the coupled model of
section 3 with a decoupled model [20]. In the decoupled model, the coupling plate is modeled as a SEA plate
subsystem and the two junctions are considered independently. The coupling loss factors are determined
from angular average transmission coeﬃcients calculated with wave theory for single plate junctions [26].
The SEA matrix equations of the decoupled model can be found in appendix Appendix A.2.
Figure 12 compares the velocity level diﬀerence for a concrete plate junction as obtained with the coupled
and decoupled SEA models. The 15 cm thick ﬂoors of the double T–junction have a width of 5m, the 10 cm
thick walls have a height of 3.5m. In the coupled model, the SEA level diﬀerence is not smooth due to
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Figure 12: Velocity level diﬀerence for two adjacent T–junctions with concrete ﬂoors (h1 = h2 = 0.15m) and concrete walls
(h3 = h4 = 0.10m). Coupled (solid lines) and decoupled (dotted lines) SEA model results.
ﬂuctuations in the transmission coeﬃcients caused by standing waves in the coupling plate which occur
at certain angles of incidence [19, 20, 23]. The vibration transmission from the ﬂoor to the ﬁrst wall
(Dv,13) is not signiﬁcantly altered when taking into account the coupling eﬀect between the two junctions.
The decoupled model underestimates, however, the vibration transmission to the second T–junction. The
velocity level diﬀerences Dv,12 and Dv,14 are overestimated by 2.5 dB at low frequencies and more than
5 dB at high frequencies. This overestimation can be attributed to the tunneling eﬀect which is present in
chain-like plate assemblies [31]. Indirect coupling occurs between the bending wave subsystems of the ﬁrst
ﬂoor and the ﬂoor and wall of the second junction when the wavelength of in–plane waves is considerably
larger than the dimensions of the intermediate plate. This is not accounted for in the decoupled model.
Furthermore, the decoupled SEA model assumes a diﬀuse vibration ﬁeld on the middle ﬂoor, whereas the
angle–dependence of the transmission coeﬃcients leads to spatial ﬁltering and non–diﬀusiveness [32, 33].
The tunneling mechanisms become more important between distant subsystems in periodic structures like
ribbed plates [32] or box–like structures [33].
4. Conclusions
In this paper, statistical models have been developed to predict the vibration transmission across rigid
junctions composed of single and double walls. The coupling loss factors are calculated from angular average
transmission coeﬃcients using a wave approach for semi–inﬁnite plates. It is shown that the in–plane wave
transmission must be accounted for when modeling the structure–borne sound transmission across double
wall junctions. Airborne coupling between the double wall leaves is disregarded, which is reasonable for
heavyweight structures. The velocity level diﬀerences for double wall junctions show the same trends as for
single wall junctions, but the vibration reduction for the double walls is about 1− 3 dB larger in the case of
23
heavyweight walls. Double wall T–junctions can be approximated by an equivalent single wall X–junction.
Double wall X–junctions can be approximated by modeling the double walls with equivalent single walls.
The thickness of the equivalent single wall should be either the thickness of a single leaf or the total thickness
of both double wall leafs, depending on the transmission path of interest. Finally, the model has been used
to assess the structure–borne sound transmission across two adjacent single wall junctions. When modeling
the coupling plate between the two junctions as a separate SEA plate subsystem, the indirect coupling is
neglected and the vibration transmission is underestimated.
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Appendix A. SEA equations for double wall junction
Appendix A.1. Coupled model
For a double wall junction, following set of SEA equations can be set up:⎡
⎣ [α(1)] [β(2)(1)]
[β(1)(2)] [α(2)]
⎤
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The coupling loss factors ηij between diﬀerent subsystems (B: bending wave, L: quasi–longitudinal wave,
T: transverse wave) are calculated from angular average transmission coeﬃcients from the wave theory for
double wall junctions by means of equation (105). E
B
(j)
p
, E
L
(j)
p
, and E
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p
are the bending, quasi-longitudinal
and in–plane transverse wave energy of plate p of junction j, respectively. W
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are the
power input in the respective subsystem. For the case of a vertical excitation on plate p = 1 of junction
j = 1 considered in this paper, only the power input W
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1
is diﬀerent from zero. The diagonal elements of
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where η
(j)
p is the internal loss factor. It is assumed that the internal loss factor for bending, quasi–longitudinal
and in–plane transverse wave propagation is the same.
Appendix A.2. Decoupled model
When the coupling plate is modeled as a SEA plate subsystem and the two junctions are considered
independently as two single wall junctions, following set of SEA equations can be set up:⎡
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with [α(j)] as deﬁned in Eq. (A.2), [E(j)] as deﬁned in Eq. (A.4), [W
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The diagonal elements of matrix [] are determined by
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, (A.19)
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, (A.20)
where η(12) is the internal loss factor of the coupling plate. The coupling loss factors are determined from
angular average transmission coeﬃcients calculated with wave theory for single wall T– or X–junctions.
References
[1] International Organisation for Standardisation, ISO 15712:2005: Building acoustics − Estimation of acoustic performance
of buildings from the performance of elements. Part 1: Airborne sound insulation between rooms. Part 2: Impact sound
insulation between rooms. (2005).
[2] European Commmittee for Standardisation, EN 12354:2000: Building acoustics − Estimation of acoustic performance of
buildings from the performance of elements. Part 1: Airborne sound insulation between rooms. Part 2: Impact sound
insulation between rooms. (2000).
[3] E. Gerretsen, Calculation of the sound transmission between dwellings by partitions and ﬂanking structures, Appl. Acoust.
12 (6) (1979) 413–433.
[4] C. Hopkins, Determination of vibration reduction indices using wave theory for junctions in heavyweight buildings, Acta
Acust. united Ac. 100 (6) (2014) 1056–1066.
[5] C. Crispin, L. De Geetere, B. Ingelaere, Extensions of EN 12354 vibration reduction index expressions by means of FEM
calculations, in: Proceedings of Inter–Noise 2014, Melbourne, Australia, 2014.
[6] S. Schoenwald, Flanking sound transmission through lightweight framed double leaf walls – prediction using statistical
energy analysis, Ph.D. thesis, TU Eindhoven (2008).
[7] S. Schoenwald, B. Zeitler, I. Sabourin, Analysis on structure-borne sound transmission at junctions of solid wood double
walls with continuous ﬂoors, in: Proceedings of 7th Forum Acusticum, Krakow, 2014.
[8] R. Craik, Sound Transmission through Buildings using Statistical Energy Analysis, Gower, England, 1996.
[9] L. Cremer, M. Heckl, B. A. T. Petersson, Structure-Borne Sound: Structural Vibrations and Sound Radiation at Audio
Frequencies (3rd Edition), Springer, Berlin, 2005.
[10] S. Budrin, A. Nikiforov, Wave transmission through assorted plate joints, Soviet Physics–Acoustics 9 (4) (1964) 333–336.
[11] R. Lyon, E. Eichler, Random vibration of connected structures, J. Acoust. Soc. Am. 36 (7) (1964) 1344–1354.
[12] R. Langley, K. Heron, Elastic wave transmission through plate/beam junctions, J. Sound Vib. 143 (2) (1990) 241–253.
[13] W. Who¨le, T. Beckmann, H. Schreckenbach, Coupling loss factors for statistical energy analysis of sound transmission at
rectangular structural slab joints. Parts I and II, J. Sound Vib. 77 (3) (1981) 323–344.
[14] P. Craven, B. Gibbs, Sound tranmsission and mode coupling at junctions of thin plates, Part I: Representation of the
problem, J. Sound Vib. 77 (3) (1981) 417–427.
[15] M. McCollum, J. Cuschieri, Bending and in–plane wave transmission in thick connected plates using statistical energy
analysis, J. Acoust. Soc. Am. 88 (3) (1990) 1480–1485.
27
[16] P. Mees, G. Vermeir, Structure–borne sound transmission at elastically connected plates, J. Sound Vib. 166 (1) (1993)
55–76.
[17] I. Bosmans, P. Mees, G. Vermeir, Structure–borne sound transmission between thin orthotropic plates: analytic solutions,
J. Sound Vib. 191 (1) (1996) 75–90.
[18] I. Bosmans, G. Vermeir, Diﬀuse transmission of structure–borne sound at periodic junctions of semi–inﬁnite plates, J.
Acoust. Soc. Am. 101 (6) (1997) 3443–3456.
[19] M. Bhattacharya, K. Mulholland, M. Crocker, Propagation of sound energy by vibration transmission via structural
junctions, J. Sound Vib. 18 (2) (1971) 221–234.
[20] R. Craik, R. Smith, Sound transmission through lightweight parallel plates. Part II: structure–borne sound, Appl. Acoust.
61 (2000) 247–269.
[21] R. Craik, R. Wilson, Sound transmission through parallel plates coupled along a line, Appl. Acoust. 49 (4) (1997) 353–372.
[22] R. Craik, T. Nightingale, J. Steel, Sound transmission through a double leaf partition with edge ﬂanking, J. Acoust. Soc.
Am. 101 (2) (1997) 964–969.
[23] B. Gibbs, Mode coupling and energy partition of sound in a system of plate junctions, J. Sound Vib. 104 (1) (1986)
127–136.
[24] R. Craik, J. Steel, D. Evans, Statistical energy analysis of structure–borne sound transmission at low frequencies, J. Sound
Vib. 144 (1) (1991) 95–107.
[25] F. Fahy, A. Mohammed, A study of the uncertainty in applications of SEA to coupled beam and plate systems, part 1:
Computational experiments, J. Sound Vib. 158 (1) (1992) 45–67.
[26] C. Hopkins, Sound insulation, Elsevier Ltd., Oxford, 2007.
[27] C. Hopkins, Statistical energy analysis of coupled plate systems with low modal density and low modal overlap, J. Sound
Vib. 251 (2) (2002) 193–214.
[28] A. Dijckmans, Structure-borne sound transmission across junctions of ﬁnite single and double walls, in: Proceedings of
Inter-Noise 2015, the 2015 International Congress and Exposition on Noise Control Engineering, San Francisco, California,
USA, 2015.
[29] I. Bosmans, Analytical modelling of structure-borne sound transmission and modal interaction at complex plate junctions,
Ph.D. thesis, KU Leuven (1998).
[30] B. Van Genechten, O. Atak, B. Bergen, E. Deckers, S. Jonckheere, J. Lee, A. Maressa, K. Vergote, B. Pluymers, D. Vande-
pitte, W. Desmet, An eﬃcient wave based method for solving helmholtz problems in three-dimensional bounded domains,
Engineering Analysis with Boundary Elements 36 (2012) 63–75.
[31] K. Heron, Advanced statistical energy analysis, Philosophical Transactions of the Royal Society of London A 346 (1681)
(1994) 501–510.
[32] J. Yin, C. Hopkins, Prediction of high-frequency vibration transmission across coupled, periodic ribbed plates by incor-
porating tunneling mechanisms, J. Acoust. Soc. Am. 133 (4) (2013) 2069–2081.
[33] D. Wilson, C. Hopkins, Analysis of bending wave transmission using beam tracing with advanced statistical energy analysis
for periodic box-like structures aﬀected by spatial ﬁltering, J. Sound Vib. 341 (2015) 138–161.
28
